Laser fluorescence (LF) and differential reflectometry (DR) are two new optical methods which have been used to help diagnose subgingival deposits of dental calculus. This study compared the performance of LF using the KEY3 laser system versus DR using the DetecTar system under controlled laboratory conditions designed to simulate clinical conditions as much as possible. A total of 30 extracted human posterior teeth were set in an anatomical configuration in stone typodonts with impression material replicating the periodontal soft tissues. LF was more accurate than DR (76.2% vs. 68.2%) and gave higher reproducibility (Bangdiwala's B statistic 0.71 vs. 0.54). The better performance of LF makes it the preferred option of the two methods for detection of subgingival dental calculus.
Introduction
Laser fluorescence (LF) [1] and differential reflectometry (DR) [2, 3] are recently developed methods which have been introduced into dental clinical practice for the specific purpose of improving the ability of dentists and dental hygienists to identify hidden deposits of subgingival calculus when doing periodontal treatment. The goal of using these optical methods is to make detection faster and more reliable, since if these deposits are left on the teeth, sites of refractory inflammation will persist [4, 5] .
To detect subgingival calculus by using the differential reflection properties of the target at two different wavelengths of light, an optical tip directs two light sources (e.g. visible red light and near infrared light) onto the root surface of the tooth. The reflected light is the used for spectral analysis, applying a processing algorithm to compare the spectra to previously stored spectra. In the DetecTar device (Ultradent, Salt Lake City, UT, USA), the dual illumination sources are LEDs which emit at either 635 nm or 880 nm [6] . The system gives an audible tone when calculus is detected, thereby providing a binary result, either yes or no.
In a past study [6] , we compared the performance of calculus detection using the conventional tactile method with small probes to using DR and showed that the Detectar™ DR system gave improved accuracy and reproducibility. It was therefore of interest to undertake further work to compare DR to LF. The process of detecting the subgingival calculus using laser fluorescence typically employs a 655-nm diode laser as the excitation source. A high-pass filter removes reflected light and ambient light (from daylight and operatory lighting), such that only near infrared light (> 680 nm) will pass [7] . The near infrared fluorescence emissions are then measured using a photodetector. This forms the basic design of the DIAGNOdent Classic system [8] [9] [10] , the DIAGNOdent Pen system [11] [12] [13] and the KEY3 laser system (all from KaVo, Biberach, Germany). In the latter, the fluorescence system is linked to an Er:YAG laser to give real-time feedback regarding calculus detection and calculus removal, allowing an autopilot action for automated detection and removal [14, 15] . In recent work, we have found that the KEY3 laser has the highest accuracy and reproducibility of the three currently available LF devices for detection of subgingival calculus under defined conditions which replicate the clinical setting [16] . Hence, the purpose of the present study was to compare DR to LF, using for the latter the KEY3 system. We employed the same laboratory model as in our past work [6] , to simulate clinical conditions and remove confounding factors from the comparison. The null hypothesis was there would be no performance differences between DR and LF methods in detection of subgingival deposits of calculus.
Methods

Model preparation
A total of 30 caries-free and restoration-free extracted teeth (18 M, 12 premolars) which had been stored in water (supplemented with 0.1% thymol) were used with ethics committee approval (reference no: 2003000040). Almost half of these extracted teeth had scattered deposits of subgingival calculus (118 out of 240 sites). All teeth were cleaned with a toothbrush under tap water. As shown in Fig. 1a , the apical third of each root was mounted into one of three stone blocks (made from non-fluorescent stone). The blocks were formed using a polyvinyl siloxane mould so that they could later be inserted into a phantom head (Frasaco, Tettnang, Germany). Each cast had 10 teeth (4 premolars and 6 M). Some 10-15 mm of the coronal and middle thirds of each tooth was exposed above the stone.
As the interface of the stone and the apical root surface may fluoresce or reflect light differently to smooth stone surfaces, the most apical 2 mm of the root surface should not be assessed by optical methods. To prevent false positive readings, this 2 mm zone was scaled using an ultrasonic scaler to eliminate any traces of subgingival calculus.
After application of a non-fluorescent water-waterbased separator (Oralube artificial saliva, Orion laboratories, Balcatta, Australia), the middle and coronal thirds of the roots were covered with a non-fluorescent Monet Clearbite2 impression material (Erskine Dental, Sydney, Australia) (Fig. 1b) . After this had set, a no. 15 scalpel blade was used to trim the impression material to simulate the anatomical contours of gingival tissue. This elastic set impression material was removed from casts at the end of the study to determine the "gold standard".
Optical assessment
To ensure maximum hydration of the casts, they were soaked in water between examination sessions. On the day of use, all teeth on the stone block were covered with a thin layer of artificial saliva (Oralube, Orion laboratories, Balcatta, Australia), and the models inserted into the phantom head. The manikin was located at the level of the clinician's elbow, and a conventional halogen dental operating light was used. Prior to their use, both the KEY3 and DetecTar systems were calibrated according to the manufacturer's instructions. The scoring of the roots was undertaken by an independent examiner who had not been involved with preparing the models, with data collected for scored 8 sites per tooth using both the KEY3 and DetecTar systems. The scoring was repeated once every week for 3 weeks to evaluate intra-examiner reproducibility.
Gold standard
The gold standard was established by removing the impression material and then examining the root surfaces at × 20 magnification using a stereoscopic microscope (U-PMTVC, Olympus, Tokyo, Japan). This was fitted with a 3.3 megapixel digital camera (Nikon Coolpix 995, Tokyo, Japan) so the images of the magnified root surfaces could be viewed on a monitor. In this way, the presence or absence of calculus deposits was recorded for 8 surfaces per tooth root surface (the four line angles and the four intervening middle regions).
Statistical analysis
Using the gold standard, the values for sensitivity (true positive/ (true positive + false negative)) and specificity (true negative/ (true negative + false positive)) values were calculated for DR and LF. For DetecTar examinations, the readings were either calculus present or calculus absent. For LF, the receiver operating characteristic (ROC) curves were plotted for the KEY3 laser using the true positive rates (TPR) versus false positive rates (FPR) for 10 threshold values, to determine an optimum threshold level. Using this process, a cutoff level of 7 for KEY3 was selected. This is the same as that recommended by the manufacturer. Thus, LF values less than 7 were rated as negative, and values 7 and above rated as positive, so that calculations could be made for sensitivity, specificity and accuracy. The latter was calculated as being (sensitivity + specificity)/2, and the dichotomized scores used for analysis-each one being a true or false/positives or a true or false/negatives as appropriate. In this way, the sensitivity, specificity and accuracy values were estimated. Prism 6 (GraphPad Software, La Jolla, CA, USA) was used to analyse the significance of mean differences amongst repeated measurements for two different detection systems by using upper tailed parametric paired t test. Finally, Bangdiwala's B statistic was used to evaluate the intraexaminer reproducibility across the weekly repeated measurements.
Results
Data for area under the receiver operating characteristic curve for the KEY3 LF system is presented in Fig. 2 . The large value for the area under the ROC curve (80.5%) indicates excellent diagnostic performance. The ROC analysis confirmed that the most appropriate cutoff level for KEY3 was an LF reading of 7.
As shown in Tables 1 and 3 , the estimated mean values for sensitivity, specificity and accuracy respectively were greater for LF (64.7%, 87.7%, 76.2%) than for DR (58.5%, 77.9%, 68.2%). These differences were significant (p = 0.0008, p = 0.0104 and p = 0.0057, respectively).
Reproducibility data are shown in Table 2 . The LF method had a higher B statistic than that of DR (0.71 with a range 0.68-0.74, versus 0.54 with a range of 0.52-0.57).
Discussion
In a past study, we had shown the value of DR over tactile probing [6] and the ability of LF to detect small deposits of calculus. Using the same laboratory assessment method, in the present study, we now show that the performance of LF exceeds that of DR. This result adds to earlier work regarding the potential usefulness of fluorescence methods [6, 17] and indicates that LF using the KEY3 system would be preferred for clinical use because of its high accuracy and reproducibility.
In the present study, the examiner was a 5th year undergraduate dental student with no previous experience in the application of optical methods for detecting subgingival calculus, but some clinical experience in using traditional periodontal probes. This examiner had no involvement in preparing the models used for the examination, and did not score the root surfaces at the end of the study to generate the "gold standard" data set. The question thus arises as to how much the Data for laser fluorescence are based on a threshold level of 7 as set from the ROC analysis Data are based on the level of agreement between scores obtained at weeks 1, 2 and 3. The subscripts refer to the weeks being compared; thus, B (1, 2) is for data compared between weeks 1 and 2 performance of the examiner could have improved with greater experience. Insight into this comes from comparisons which can be made to results using the same laboratory model but with an experienced operator ( Table 3 ). In such hands, improvements in sensitivity, specificity, accuracy and reproducibility are evident for both DR and LF, but LF is still better than DR. This indicates that the performance advantages of LF over DR remain true regardless of operator experience.
In the present study, the clinical simulation approach used ensured that there were no confounding factors present which could have altered performance, such as the presence of dental plaque or dental caries which give strong signals with LF systems, because of their high content of fluorophores such as porphyrins [18] [19] [20] [21] . In the past studies, we have shown that there is a strong correlation with the volume of calculus deposits [1] . How much dental plaque [22] [23] [24] and other substances [25] that may be present under clinical conditions adversely influence the performance of LF and other optical systems must be assessed through controlled clinical trials.
In the present study, a ROC analysis was used to set the diagnostic threshold for the LF system, in order to gain maximal performance. The calculated value of 7 aligns with that stated by the manufacturer [16] and has been used to determine endpoints for debridement of roots under clinical situations.
A final point of note is the potential problem posed to any optical method by fluids present in the area being assessed. These may include fluids of host origin such as blood, gingival crevicular fluid and saliva [26, 27] , as well as fluids of external origin irrigated into periodontal pockets, such as hydrogen peroxide. Fluids such as hydrogen peroxide may quench fluorescence and thereby give false negatives for LF [18, 28, 29] . Under the laboratory conditions used in the present study, only a water-based non-fluorescing saliva substitute was present, and other materials that could give positive LF readings were not present or had been removed [30, 31] . Once again, this highlights the need to undertake further assessments in a clinical situation.
Conclusion
This laboratory study demonstrates that laser fluorescence outperforms differential reflectometry for detecting the presence of subgingival deposits of calculus on the root surfaces of teeth.
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